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The polypyrimidine tract binding protein (PTB) has been described as a global repressor of regulated exons.
To investigate PTB functions in a physiological context, we used a combination of morpholino-mediated
knockdown and transgenic overexpression strategies in Xenopus laevis embryos. We show that embryonic
endoderm and skin deficient in PTB displayed a switch of the �-tropomyosin pre-mRNA 3� end processing to
the somite-specific pattern that results from the utilization of an upstream 3�-terminal exon designed exon
9A9�. Conversely, somitic targeted overexpression of PTB resulted in the repression of the somite-specific exon
9A9� and a switch towards the nonmuscle pattern. These results validate PTB as a key physiological regulator
of the 3� end processing of the �-tropomyosin pre-mRNA. Moreover, using a minigene strategy in the Xenopus
oocyte, we show that in addition to repressing the splicing of exon 9A9�, PTB regulates the cleavage/polyade-
nylation of this 3�-terminal exon.

Alternative splicing, the process by which multiple mRNAs
can be produced from a single primary transcript, is a major
mechanism in metazoans to expand the complexity of gene
expression. It is now well documented that 35 to 60% of human
genes possess alternative exons (3, 9, 27, 28), and a large
fraction of the alternative splicing events alter the resulting
protein products. Hence, alternative pre-mRNA processing is
considered to be the most important source of protein diversity
in vertebrates (17, 28). Resch et al. (33) proposed that alter-
native splicing could modulate protein interaction networks by
the addition or removal of specific protein-protein interaction
domains. The bioinformatic observation that �30% of human
alternative transcripts contain premature termination codons,
making them a target for nonsense-mediated decay, also sug-
gests that alternative splicing could be part of an integrated
mechanism that controls the level of gene expression (22). The
consequences of alternative splicing do not only concern the
protein products. Indeed, differential splicing of 3�-terminal
exons associated with alternative poly(A) site selection can
generate mRNAs that differ in their 3� untranslated sequences,
with consequences for stability, localization, and translation
(28).

Despite the considerable efforts to dissect the mechanisms
of tissue-specific alternative splicing (reviewed in reference 2),
very few reports have studied the regulation of alternative
splicing in a physiological context. One exception is the Dro-
sophila model, where elegant and powerful genetic studies
associated with biochemical approaches led to the dissection of
the sex determination pathway and the demonstration that
sex-specific factors regulate a cascade of RNA processing
events (reviewed in reference 24). However, in vertebrates, the
implication of tissue-specific factors in controlling alternative

splicing events appears limited. Consequently, it was proposed
that ubiquitously expressed splicing factors could determine a
cellular code based on variations in their relative levels or
activities in different tissues (37). Several RNA binding protein
families that are pivotal for alternative splice site choices were
identified in vertebrates by biochemical approaches. These
splicing factors, which include the SR and SR-like proteins, the
CELF proteins, and several hnRNP proteins, were essentially
validated as regulatory splicing factors in cultured cells using
minigene models. However, the role of these factors in regu-
lating specific alternative splicing events in a physiological con-
text is poorly documented. Loss-of-function strategies in a
whole organism can provide such information, and this is an
important approach to discern general from specific functions
of these factors. For example, despite a strong functional re-
dundancy of the different SR proteins in constitutive and al-
ternative splicing regulation, it was recently demonstrated by
conditional gene targeting in the mouse that the ASF/SF2 SR
protein functions in specific pathways and is a key regulator of
specific alternative splicing events during heart development
(46).

The polypyrimidine tract binding protein (PTB) is an abun-
dant hnRNP protein that is conserved through metazoans. In
vertebrates, PTB is widely expressed, and it has been impli-
cated in the repression of several alternative spliced exons
including exon 7 of �-tropomyosin (30), exon N of GABA�2
(1), exons IIIb and IIIc of FGF-R2 (4, 20), exon N1 of c-src (6),
exon SM of �-actinin (38), exon EIIIb of fibronectin (32), exon
3 of �-tropomyosin (11), exon 9 of caspase-2 (8), exon M2 of
immunoglobulin M (36), and exon 9 of CFTR (47). The phys-
iological relevance of PTB in alternative exon repression was
demonstrated by RNA interference-mediated depletion in cul-
tured cells that leads to an increase in exon IIIb of FGF-R2
and exon EIIIb of fibronectin inclusion (42). Based on these
data, it was proposed that PTB has a general function in
preventing the definition of regulated exon (41). More re-
cently, a general role for PTB in the repression of the cleavage/
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polyadenylation processus by competing with CstF64 binding
to the downstream U or U/G region of a poly(A) site was
proposed (5). In addition to these functions in pre-mRNA
processing, PTB has also been implicated in cytoplasmic events
such as internal initiation of translation (16), mRNA localiza-
tion (7), and mRNA stability (12, 18, 40).

The well-documented general role of PTB in antagonizing
exon definition does not exclude that PTB may also be involved
more specifically in several pre-mRNA processing events. We
have developed the Xenopus laevis embryo as an in vivo model
to study the basis of tissue-specific splicing regulation. Using
this model, we have previously shown that PTB is involved in
the repression of the 3�-terminal exon 9A9� of the �-tropomy-
osin (�-TM) pre-mRNA in nonmuscle cells. Several high-af-
finity PTB binding sites, whose mutation impairs PTB binding
and generates exon 9A9� derepression, were identified in the
intron upstream of this exon. Using a morpholino-based trans-
lational inhibition strategy, we also conclusively demonstrated
that PTB was required in vivo to repress exon 9A9� in epider-
mal cells in the context of a minigene (13). The strong dere-
pression of exon 9A9� we observed suggested that PTB can be
an important regulator of the tissue-specific 3� end processing
of the �-TM pre-mRNA. To address this question in a physi-
ological context, we misexpressed PTB in developing embryos
and studied the effects upon endogenous �-TM pre-mRNA
processing. We show that morpholino-mediated depletion of
PTB provokes a strong switch in nonmuscle tissues from the
nonmuscle isoform to the striated muscle isoforms that result
from the inclusion of exon 9A9�. Conversely, targeted overex-
pression of PTB in the somites causes a switch towards the
nonmuscle isoform in which exon 9A9� is skipped. Our results
demonstrate that the relative level of PTB is determinant for
the tissue-specific switches of �-TM isoforms and establish
PTB as a key regulator in the 3� end processing of the �-TM
pre-mRNA. Exon 9A9� being a 3�-terminal exon, its skipping
in nonmuscle cells could be the result of repression of splicing
or cleavage/polyadenylation, or both. Using a minigene strat-
egy in which the 3� splice site or the poly(A) site of exon 9A9�
has been deleted, we found that PTB can repress both pro-
cesses independently. These data indicate that in addition to
repressing splicing, PTB can directly regulate the cleavage/
polyadenylation of a 3�-terminal exon.

MATERIALS AND METHODS

Plasmid constructs. The �-TM minigenes pSV40.7-9B, pSV40.7-9B��e, and
pSV40.7-9B�3�ss were described previously (13). The �-TM pSV40.7-9A9� and
pSV40.7-9A9��3�ss constructs were derived from the pSV40.7-9B and pSV40.7-
9B�3�ss minigenes, respectively, by generating a KpnI/SalI digestion, a T4 DNA
polymerase treatment (Biolabs), and a ligation of the ends. The mutated mini-
genes were produced by primer-directed PCR mutagenesis and cassette substi-
tutions as previously described (13). The pSV40.�Globin�pA minigene was
obtained by insertion of a BglII/SalI fragment derived from a PCR amplification
of pVC-CMV-�Globin�pA (5) into the pBS-SV40 vector using the following
primers: 5�-GCAGATCTACTAGCAACCTCAAACAGAC-3� and 5�-CCGTC
GACTGCACTGACCTCCCACATTC-3�. The plasmids pGEM-150PY and
pGEM-150pBS were described previously (13). The polymerase III (Pol III)
adenovirus-associated (VA) reporter and the corresponding RNase protection
probe plasmid were a gift of D. Bentley. The cardiac actin.GFP (pKS�) expres-
sion plasmid was a gift of T. J. Mohun. The cardiac actin.xPTB/V5-His plasmid
was constructed as follows. The Xenopus cardiac actin promoter was amplified by
PCR from plasmid 598 (29) using an upstream primer containing a BamHI
restriction site (5�-GGGGATCCTGCACATTGGCTGTTTCCCA-3�) and a
downstream primer containing a HindIII restriction site (5�-AAAAGCTTCCG

TGCTGTGATTGAATTGG-3�). This fragment was cloned into the pcDNA3.1/
V5-HisC vector (Invitrogen) digested with BglII and HindIII to remove the
cytomegalovirus promoter, producing the pcDNA3.1-cardiac actin vector. The
open reading frame of xPTB was amplified by PCR from the hnRNPI cDNA (7)
using an upstream primer containing a BamHI restriction site (5�-GGGGATC
CACCATGGAAGGAATTGTTCAAG-3�) and a downstream primer designed
to remove the stop codon and containing a NotI restriction site (5�-GGGCGG
CCGCAATTGTGGATTTGGAAAAG-3�). The product was cloned as a
BamHI/NotI fragment into the pcDNA3.1-cardiac actin vector in frame with the
carboxyl V5-His epitope tag.

Xenopus embryos and dissection. Xenopus laevis embryos were obtained by
artificial fertilization of eggs from laboratory-reared females. Embryos were
staged according to the table of Nieuwkoop and Faber (31). Embryo dissections
were performed in Steinberg medium under a microscope.

Morpholino oligonucleotide injection and xPTB rescue. Morpholino oligonu-
cleotides (Mo) were obtained from Gene Tools, LLC. xPTB Mo and control Mo
have been described previously by Hamon et al. (13). Twenty-five nanograms/
blastomere was injected into both blastomeres of two-cell-stage Xenopus em-
bryos. For xPTB rescue, 100 pg of V5-tagged xPTB mRNA described previously
by Hamon et al. (13) was coinjected with xPTBMo into each blastomere of
two-cell-stage embryos.

Oocyte culture and injection. Pieces of Xenopus laevis ovary were dissected
and manually treated with collagenase to isolate individual stage V or VI oocytes.
Before nuclear injection, oocytes were centrifuged for 15 min at 600 � g to
visualize the germinal vesicle. Injection and culture of oocytes were carried out
in OR2 medium as described in reference 13. One nanogram of �-TM or
�-globin �pAsite minigenes was coinjected into the nucleus with 0.1 ng of VA
minigene. For titration experiments, 15 ng of in vitro-transcribed RNA was
coinjected with minigenes.

Transgenesis by sperm nuclear transplantation into fertilized eggs. Trans-
genic Xenopus laevis embryos were produced by using the restriction enzyme-
mediated integration method (REMI) as described previously by Kroll and
Amaya (19), with minor modifications. In each reaction mixture, 65 ng of cardiac
actin.GFP (pKS�) and cardiac actin.xPTB/V5-His constructions linearized with
SalI and SmaI, respectively, were used to generate transgenic frogs.

Western blot analysis. Western blot analysis was carried out as described
previously (13) using the following antibodies: purified xPTB antibodies (1:600),
monoclonal PCNA antibodies (1:5,000), and monoclonal V5 antibodies
(1:5,000). The proteins were revealed using the enhanced chemifluorescence
technique (Amersham Biosciences) and quantified by PhosphorImager analysis
(Amersham Biosciences).

RT-PCR analysis of the endogenous transcripts. RNA isolated from embryos
with Tri Reagent solution (MRC Inc.) was treated with RQ1 DNase (Promega).
Four micrograms of RNA was then used for the reverse transcription (RT)
reaction using oligo(dT) as a primer. One-fifth of the RT reaction was then used
for the PCR amplification of c-src transcripts using the 32P-labeled ex3-src sense
primer (5�-GGGGGAAAGACTACAGATTG-3�) and ex4-src antisense primer
(5�-AGCAGACGCTCTGCTTCTC-3�) and of �-actinin transcripts using the
32P-labeled exEF1a sense primer (5�-TGCCAAAGGCATTACCCAAG-3�) and
exEF2 antisense primer (5�-GTTGGGGTCAACGATGCTC-3�). Amplification
products were separated on a 7% acrylamide gel and quantified by PhosphorIm-
ager analysis (Amersham Biosciences). The amplification product obtained with
�-actinin primers that correspond to the double inclusion of exon NM and exon
SM was sequenced to verify its identity (Genome Express).

RT-PCR assay of microinjected minigenes. RNA isolated from oocytes was
treated with Turbo DNase (Ambion). Five micrograms of RNA was then used
for reverse transcription reactions using different specific primers: ex9A anti-
sense primer (5�-CGGAATTCATTGAAGTCATGTCATTGAG-3�) for analysis
of exon 8 to exon 9A �-TM splicing and ex3 antisense primer (5�-GGAGCTC
CAGTTTAGTAGTTGGACTTAG-3�) for analysis of exon 2 to exon 3 �-globin
splicing. One-fifth of the RT reactions was then used for the PCR amplifications
which were performed using the 32P-labeled ex8 sense primer (5�-CGGGATC
CGTGCTGAGTTTGCAGAGAG-3�) and ex9A antisense primer and the 32P-
labeled ex2 sense primer (5�-ACGTGGATCCTGAGAACTTC-3�) and ex3 an-
tisense primer. Amplification products were separated on a 4% acrylamide gel
and quantified by PhosphorImager analysis (Amersham Biosciences).

Analysis by RNase protection assay. The RNase protection probe (�74) used
for the detection of endogenous �-TM transcripts was described previously (15).
The EF1� RNA probe template was PCR amplified from plasmid pXeX (a gift
of P. Krieg) using the forward (5�-CGGGATCCCAACTGATAAGCCTCTCC
GT-3�) and reverse (5�-CGGAATTCACCAGTTTCCACACGACCAA-3�)
primers. The MLC1f RNA probe template was PCR amplified from plasmid
XMLC1f (39) using the forward (5�-CGGGATCCATGCTGAGGTCAAGAAG
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A-3�) and reverse (5�-CGGAATTCAAACTCAATCCTCTTGGC-3�) primers.
The RNA probe template for analyzing �-TM cleaved and uncleaved transcripts
was PCR amplified from the pSV40.7-9B plasmid using the forward (5�-CGGG
ATCCGAGCTGTATGCTCAGAAAC-3�) and reverse (5�-CGGAATTCTTGC
CAGATGTCTAAACAGG-3�) primers. The RNA probe template for analyzing
�globin�pA cleaved and uncleaved transcripts was PCR amplified from the
pSV40.�globin�pA plasmid using the forward (5�-CGGGATCCTGGCTAATG
CCCTGGCCCAC-3�) and reverse (5�-CGGAATTCTTGCCAGATGTCTAAA
CAGG-3�) primers. The RNA probe template for analyzing splicing of exon 7 to
exon 8 in the �-TM reporter was PCR amplified from the XTMO5 plasmid (14)
using the forward (5�-CGGGATCCAGAAGGAGGACAAATATG-3�) and re-
verse (5�-CGGAATTCCTGGCACTCAAGAGCAAG-3�) primers. All the PCR
products generated were digested with BamHI and EcoRI and cloned into these
sites of the pBS vector. The resulting plasmids were linearized with XbaI, and
transcription was carried out with T7 RNA polymerase (Promega). Different
amounts of total RNA were analyzed using the RNase protection assay a pre-
viously described (15). The digested products were quantified with a Phosphor-
Imager (Amersham Biosciences).

RESULTS

A single xPTB isoform is present in Xenopus embryos. Three
alternatively spliced isoforms of PTB (PTB1, PTB2, and PTB4)
have been described in mammalian cells that have distinct
activities upon alternative splicing. Since the ratio of PTB
isoforms varies between different cell types, it was proposed
that their ratio may control some alternative splicing events
(44). Western blot analysis of mammalian PTB reveals a typ-
ical doublet, the faster- and slower-migrating bands corre-
sponding to PTB1 and PTB2/4, respectively. In Xenopus laevis,
Western blot analysis using a specific antibody (13; also see
Fig. 4) revealed only one band, suggesting that the situation
may differ. The cloned hnRNPi cDNA we previously used
encodes a protein similar to PTB4. Several data suggested that
this is the major isoform: (i) it is the only cDNA present in
expressed sequence tag libraries, (ii) the internal splice site
within exon 9 used in mammals to produce PTB2 is absent in
Xenopus, (iii) extensive PCR analysis failed to amplify cDNAs
corresponding to PTB1 (data not shown), and (iv) the Xenopus
PTB comigrated with PTB4 (data not shown). We concluded
from these observations that a single PTB isoform correspond-
ing to PTB4 is present in Xenopus embryos, and we designated
it xPTB. This relative simplicity provides an advantageous sys-
tem to study the specific role of PTB in the control of alter-
native splicing.

The composite internal/3�-terminal exon 9A9� is strongly
derepressed in nonmuscle tissues of xPTBMo-injected em-
bryos. The Xenopus �-TM gene contains an alternative 3�-
terminal exon (exon 9A9�) which is subjected to different splic-
ing patterns according to the tissue environment (Fig. 1). Exon

9A9� is skipped in nonmuscle cells to produce O5 RNA,
whereas it is used as a terminal or internal exon in the somitic
and adult striated muscle cells to produce �7 and �2 RNAs,
respectively (14, 15). We have previously shown, using a mor-
pholino-mediated specific knockdown of xPTB and a minigene
strategy, that endogenous xPTB is required in vivo to repress
the composite internal/3�-terminal exon 9A9� in embryonic
epidermal cells (13). In this study, we examined the effects of
xPTB depletion upon endogenous exon 9A9� splicing. A mor-
pholino antisense oligomer (xPTBMo) directed against the 5�
region of xPTB mRNA or a control nonspecific morpholino
oligomer (CoMo) were microinjected into both blastomeres of
two-cell-stage Xenopus embryos, and the embryos were al-
lowed to develop. The level of xPTB throughout development
was analyzed by Western blot analysis (Fig. 2A). Compared to
control embryos, xPTBMo strongly decreased the level of
xPTB from stage 13 (neurulae) to stage 40 (early tadpole). The
specificity of xPTBMo was previously demonstrated by rescue
experiments with xPTB mRNA that was not a target for the
morpholino (13). The xPTBMo- and CoMo-injected embryos
were dissected into three parts: somites, skin, and endoderm.
RNA isolated from each fraction was assayed by RNase pro-
tection using an RNA-labeled probe spanning exon 9A9� that
can distinguish between the splicing of exon 9A9� as a 3�-
terminal exon (�7 RNA) and as an internal exon (�2 RNA)
and the skipping of exon 9A9� (O5 RNA) (Fig. 2B). Two
probes directed to EF1� and MLC1f/3f RNA were included in
the assay as controls for RNA recovery and fraction purity,
respectively. As described for Fig. 1, �7 and �2 RNAs were
strongly expressed in the somites representing �75% and
�20% of the �-TM transcripts, respectively, whereas O5 RNA
is hardly detectable and accounts for less than 5% of the �-TM
mRNA (Fig. 2C, lane 1, and D). By contrast, in the endoderm
and skin fractions, O5 is the major �-TM transcript (Fig. 2C,
lanes 4 and 7, and D). The faint �2 and �7 signals detected in
both nonmuscle tissues are probably due to a contamination by
residual somitic tissue since the somite-specific MLC1f/MLC3f
RNA was also present in both fractions. No significant differ-
ences in the pattern and level of �-TM transcripts were ob-
served in the somitic fraction of xPTBMo-injected embryos
(Fig. 2C, compare lanes 1 and 3). In contrast, depletion of
xPTB strongly affected the splicing pattern of endogenous
�-TM transcripts in the two nonmuscle tissues. �7 and �2
RNA accumulated strongly to represent 65% and 25% of the
�-TM transcripts, respectively, while O5 RNA was reduced to
less than 10% of the �-TM mRNA (Fig. 2C, lanes 6 and 9, and

FIG. 1. Differential processing of the 3�-terminal region of the Xenopus �-TM pre-mRNA. The 3�-terminal region of the Xenopus �-TM RNA
and its alternative RNA processing pattern are schematically diagrammed. The boxes represent exons, and horizontal lines represent introns. �e,
�a, and �nm represent the polyadenylation signals present within exons 9A9�, 9B, and 9D, respectively. Below the diagram, the alternative splicing
products in somites, adult striated muscle, and nonmuscle tissues are indicated.
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FIG. 2. Morpholino-mediated depletion of xPTB switches the selection of the 3�-terminal exons of the �-TM pre-mRNA. A. Morpholino-
mediated depletion of xPTB in developing embryos. The steady-state level of xPTB in CoMo- and xPTBMo-injected embryos throughout
development was studied by Western blot using affinity-purified xPTB antibody. PCNA is used as a loading control. B. Schematic representation
of the RNase protection probe used to analyze 3� end processing of the endogenous �-TM pre-mRNA. The sizes of the predicted RNase protection
fragments are indicated below the probe. C. Somites, endoderm, and skin fractions of uninjected or CoMo- or xPTBMo-injected stage 35 embryos
were analyzed by RNase protection assay using the probe illustrated in panel B. EF1� and MLC1/3 probes were included in the assay as controls
for RNA recovery and fraction purity, respectively. The identity or composition of each protected product is indicated at the right. Ten micrograms
of the endoderm and skin RNAs and 2.5 	g of the somitic RNA were analyzed. D. Quantification of the effects of xPTB depletion upon the
proportion of the different �-TM transcripts. The percentages of �2, �7, and O5 RNAs were calculated after normalization to the uridine content
as a fraction of the total �-TM transcripts. Quantification was performed with a PhosphorImager. NI, noninjected embryos.
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D). The quantification of the �-TM-protected fragments nor-
malized to EF1� transcripts indicated that the overall amount
of �-TM transcripts was practically identical in the xPTBMo-
injected embryos and in the noninjected embryos in the three
embryonic fractions studied. These results show that decreas-
ing xPTB in skin and endoderm switches the splicing pattern
from the O5 isoform to the �2 and �7 isoforms. This indicates
that xPTB depletion derepresses exon 9A9� usage. Altogether,
these results demonstrate that xPTB is required in vivo to
repress exon 9A9� as a 3�-terminal exon but also as an internal
exon in the context of the endogenous pre-mRNA.

xPTB knockdown increases the inclusion of endogenous
exon N1 of c-src and exon SM of �-actinin. Since xPTB deple-
tion dramatically changed the 3� end maturation of the endog-
enous �-TM pre-mRNA, we next studied the effects of such
depletion upon the splicing of several exons known to be re-
pressed by PTB and accessible in Xenopus embryos. The splic-
ings of exon N1 of c-src and exon SM of �-actinin were assayed
by RT-PCR on the three embryonic fractions described above.
In accordance with its neuron-specific splicing (21), exon N1
was strongly skipped in the endoderm and skin fractions,
whereas this exon was present in 20% of the transcripts from
the somitic fraction that includes the neural tube (Fig. 3, top).
Depletion of xPTB resulted in a three- and twofold increase in
exon N1 insertion in the endoderm and skin fractions, respec-
tively, while no change was observed in the somitic fraction. As
expected, exon SM (smooth muscle), which is specifically used
in smooth muscle cells (43), was strongly skipped in the three
fractions (Fig. 3, bottom). While no transcripts including only
exon SM were amplified, a low but reproducible level of tran-
scripts containing both NM (nonmuscle) and SM exons was
also observed. The knockdown of xPTB resulted in a three- to
fourfold increase in transcripts containing both exons NM and
SM (Fig. 3, bottom).

These results confirmed, in a physiological context, the im-

plication of xPTB in antagonizing exon N1 and exon SM def-
inition. However, in contrast to exon 9A9�, the depletion of
xPTB was not sufficient to radically switch the isoform ratio.

Somitic xPTB overexpression modifies the endogenous
�-TM pre-mRNA 3� end processing. Since xPTB depletion
resulted in a strong derepression of exon 9A9� in nonmuscle
tissues of the embryo, we tested if xPTB overexpression was
sufficient to repress exon 9A9� splicing in somitic tissues. To
address this issue, we produced transgenic embryos that over-
express xPTB in the somites using the REMI method. A plas-
mid expressing V5-tagged xPTB and driven by the cardiac actin
promoter that targets expression to the somites and the em-
bryonic heart was constructed (actin-xPTB). A plasmid con-
taining the green fluorescent protein (GFP) gene under the
control of the cardiac actin promoter (actin-GFP) was also
used to generate transgenic control embryos. GFP- and xPTB-
transgenic embryos were scored for transgene expression by
fluorescence and by Western blot analysis, respectively, using a
V5 antibody. In both cases, �80% of the developing embryos
were transgenic (data not shown). GFP- and xPTB-transgenic
embryos presented similar small percentages of general abnor-
mal development, and no apparent mutant phenotype was
associated with these tadpoles (data not shown). Only the
embryos presenting a normal development were analyzed
thereafter.

With the REMI method, each transgenic embryo represents
a distinct integration event; thus, some variations in the level of
expression and in the phenotypic consequences are expected.
Accordingly, the embryos were always analyzed individually in
the following experiments. We first determined the level of
xPTB overexpression in the somites. The somitic tissue from
stage 39 embryos was dissected apart, and the proteins from
individual fractions were analyzed by Western blot using the
affinity-purified xPTB antibody (Fig. 4). As previously de-
scribed (13), xPTB migrated as a single band in control GFP
embryos (Fig. 4, lanes 1 to 3). In xPTB-transgenic embryos, a
slower-migrating band corresponding to the V5-tagged xPTB
was present (Fig. 4, lanes 4 to 9). Quantification of the overall
xPTB signal and normalization with PCNA indicated that
xPTB levels in xPTB-transgenic embryos were three- to four-
fold higher than in control GFP siblings. Also, a decrease of
the endogenous xPTB occurred in several embryos presenting
a high level of the V5-tagged protein (Fig. 4, compare lanes 8
and 4, for example). This behavior is probably the consequence

FIG. 3. Exon N1 of c-src and exon SM of �-actinin are partially
derepressed in xPTB-depleted embryos. Endoderm, skin, and somite
fractions of uninjected or CoMo- or xPTBMo-injected stage 35 em-
bryos were analyzed by RT-PCR using primers specific for endogenous
c-src and �-actinin to determine the extent of exon N1 and exon SM
inclusion, respectively. The PCR products were quantified by Phos-
phorImager analysis. The percentage of exon N1 inclusion and
NM-SM double inclusion are shown below gels.

FIG. 4. Targeted overexpression of xPTB in the somites. The
somites of GFP and xPTB-transgenic embryos were dissected, and the
xPTB steady-state level in each somitic fraction was analyzed by West-
ern blot analysis using an affinity-purified xPTB antibody. PCNA was
used as a loading control. Quantification of the overall xPTB signal is
shown below gels with values for GFP control embryos set as 1.
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of a negative-feedback loop leading to nonsense-mediated de-
cay of the xPTB mRNA as described previously for human
cells (45).

We next examined the consequence of somitic xPTB over-
expression upon the 3� end processing of the endogenous
�-TM pre-mRNA. For that purpose, RNA and proteins were
extracted simultaneously from whole individual transgenic em-
bryos. A whole embryo analysis reflects essentially the somitic
�-TM gene expression because this gene is more strongly ex-
pressed in the somites than in the nonmuscle tissues (14).
Expression of the V5-tagged xPTB was analyzed by Western
blot with a V5 antibody, and RNA was assayed by RNase
protection assay using the probe spanning exon 9A9� as de-
scribed in the legend of Fig. 2B. Two probes directed to EF1�
RNA and MLC1f/3f were included in the assay as controls for
normalization (Fig. 5A). A strong decrease of the full-length
protected fragments corresponding to �7 mRNAs was ob-
served in most xPTB-transgenic embryos compared to GFP
control embryos (Fig. 5A, compare lanes E1 to E7 to lanes 1
and 2). In contrast, these same embryos presented an impor-
tant rise of the partial protected fragment corresponding to O5
mRNAs. Quantification of the protected fragments revealed
that the splicing pattern was strongly modified in the xPTB-
transgenic embryos. The �7 RNA, which represent �75% of
the �-TM transcripts in the GFP control embryos, was reduced
in all the xPTB embryos and accounted for less than 33% in
four embryos out of seven (Fig. 5B). In contrast, the O5
mRNA, which constitutes �10% of the �-TM transcripts in the
GFP control embryos, rose in all the embryos and accounted
for up to 65% in several embryos. A slight increase in the
percentage of the �2 mRNA was also observed in most em-
bryos. Western blot analysis with the anti-V5 antibody revealed
a strong correlation between the level of V5-tagged xPTB and
the switches of the different �-TM mRNA isoforms (Fig. 5A,
top). Normalization of the �-TM-protected fragments to EF1�
transcripts revealed that the changes of the �-TM isoform
ratios are mainly attributable to a strong decrease (up to nine-
fold) in the steady-state level of �7 mRNA and a 1.5- to
2.5-fold rise in the steady-state level of O5 RNA (Fig. 5C); the
steady-state level of �2 mRNA differs from one embryo to
another. It is noteworthy that a decrease of the overall �-TM
transcripts normalized to EF1� was observed in several em-
bryos, indicating that the increase in O5 RNA did not com-
pensate for the decrease in �7. A marked reduction in the
steady-state level of the control MLC1f/3f mRNA was also
observed in most transgenic embryos (Fig. 5C), indicating that
the reduction in �-TM mRNA levels could be attributed in
part to the general effect of overexpressing xPTB upon the
cleavage/polyadenylation reaction (5). These data suggest that
the modification of the 3� end processing of the �-TM pre-
mRNA results from a specific repression of exon 9A9� and a
general effect upon the cleavage/polyadenylation reaction.
Also, they clearly demonstrate that an increase in xPTB level is
sufficient to switch the somitic splicing pattern to the non-
muscle splicing pattern.

xPTB represses the cleavage/polyadenylation of exon 9A9�
independently of splicing. Our data demonstrate that xPTB
antagonizes the definition of exon 9A9� very efficiently com-
pared to exon N1 of c-src and exon SM of �-actinin. Since exon
9A9� is a 3�-terminal exon, this indicated that xPTB could act

by repressing its poly(A) site. To study the cleavage/polyade-
nylation of exon 9A9� independently of splicing, we took ad-
vantage of the observation that the endogenous exon 9A9� is
repressed in Xenopus oocytes and that an �-TM minigene
encompassing exon 7 to exon 9B recapitulates the repression
of exon 9A9� (13). A wild-type (WT) �-TM minigene spanning
exon 7 to exon 9A9� and extending beyond the �e poly(A) site
(9A9�WT) and a minigene that contains a mutation in the 3�
splice site of exon 9A9� (9A9��3�ss) were constructed (Fig.
6A). As previously reported for a minigene encompassing exon
7 to exon 9A9� (13), RT-PCR analysis confirmed that exon
9A9� was not spliced with this mutant (data not shown). The
minigenes were injected into the germinal vesicle of oocytes
with or without 150PY competitor RNA or 150pBS control
RNA. The 150PY competitor RNA containing four high-af-
finity PTB binding sites was previously shown to bind xPTB
very efficiently and to cause a complete derepression of exon
9A9� in the oocyte in the context of a minigene. The 150pBS
RNA is a 150-nt sequence from pBluescribe that does not bind
xPTB (13). An RNA Pol III-VA reporter plasmid was included
in all the assays to monitor the microinjection in the oocyte
nucleus and RNA recovery. This gene was chosen because it is
driven by a Pol III promoter, and the steady-state level of its
transcripts is not affected by PTB (5). A �-globin gene con-
struct was also used to evaluate any nonspecific effects of xPTB
titration upon the 3� end cleavage. RNase protection analysis
using a probe that covers exon 9A9� and intronic sequences
downstream of the �e poly(A) site revealed that the wild-type
�-TM transcripts were cleaved very inefficiently compared to
the control �-globin transcripts, confirming the weakness of
the �e poly(A) site (Fig. 6B, compare lanes 1 and 7). In the
presence of 150PY competitor RNA, a �4.5-fold increase in
the ratio of cleaved to uncleaved transcripts was detected for
the wild-type �-TM pre-mRNAs, while the injection of the
150pBS control RNA did not change the efficiency of the 3�
end cleavage (Fig. 6B, compare lanes 1 to 3). The effects we
observed are specific for the �-TM transcripts, since the 150PY
competitor RNA resulted in only a slight decrease of the ratio
of cleaved to uncleaved �-globin transcripts (Fig. 6B, compare
lanes 7 and 8). A 3.8-fold increase in the ratio of cleaved to
uncleaved transcripts was also observed in the presence of
150PY RNAs with the �-TM mutant inactive for exon 9A9�
splicing (Fig. 6B, compare lanes 4 and 5). This indicates that
xPTB represses the cleavage/polyadenylation of exon 9A9� in-
dependently of exon 9A9� splicing. However, since the muta-
tion of the 3� splice site of exon 9A9� results in the formation
of a large 3�-terminal exon that spans exon 8 to exon 9A9�, it
was possible that the stimulation of the 3� end cleavage was
caused by an increase in the efficiency of the splicing of exon 7
to exon 8. However, RNase protection analysis (Fig. 6B, bot-
tom) showed that the splicing of exon 7 to exon 8 is very
efficient, and quantitative comparison of the spliced to un-
spliced products revealed no significant change in the presence
of the 150PY competitor RNAs. We previously identified four
high-affinity UCUU PTB binding sites lying between the
branch site and exon 9A9� that are involved in PTB-mediated
repression of exon 9A9� (13). We therefore assayed the effects
of mutating these four PTB binding sites upon the cleavage of
the wild-type minigene and the splicing-deficient derivative
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(Fig. 6C). These PTB site mutations resulted in a �2-fold
increase in the ratio of cleaved to uncleaved transcripts with
both the wild-type reporter (Fig. 6C, compare lanes 1 and 3)
and the splicing-deficient mutant (compare lanes 2 and 4),
indicating that xPTB represses the cleavage/polyadenylation of

exon 9A9� in part by binding to these sites. Overall, these
results demonstrate that xPTB specifically represses exon 9A9�
cleavage independently of splicing and that the four high-
affinity PTB binding sites upstream of exon 9A9� in part me-
diate this repression.

FIG. 5. Targeted overexpression of xPTB in the somites represses the inclusion of exon 9A9�. A. Total RNAs extracted from individual GFP
control and xPTB-transgenic embryos were analyzed by RNase protection using the probe described in the legend to Fig. 2B. V5-tagged xPTB
expression was monitored by Western blot using a monoclonal V5 antibody (top). The relative amount of xPTB-V5 was quantified for each embryo,
with the weakest value set as 1. EF1� and MLC1/3 probes were included in the assay as controls for RNA recovery and normalization. The identity
or composition of each protected product is indicated at the right. B. PhosphorImager quantification of the effect of somitic xPTB overexpression
on the proportion of the different �-TM transcripts. The percentage of �2, �7, and O5 RNA was calculated after normalization to the uridine
content as a fraction of the total �-TM transcripts. The data for control GFP embryos are given as means 
 standard deviations for eight embryos.
C. PhosphorImager quantification of the effect of somitic xPTB overexpression on the �-TM and MLC1/3 transcript steady-state level. The
protected fragments corresponding to the different �-TM isoforms and MLC1f/3f were normalized to the EF1� signal and uridine content. The
data for control GFP embryos are given as means 
 standard deviations for eight embryos.
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xPTB represses the splicing of exon 9A9� independently of
cleavage/polyadenylation. In the experiments described above,
the activation of the 3� end cleavage/polyadenylation of exon
9A9� following xPTB titration was more marked for the wild-
type construct than for the splicing-inactive derivative (Fig. 6B,
compare lanes 2 and 5). This observation raises the possibility
that the splicing of exon 9A9� was also repressed by xPTB. To
test this possibility, a wild-type �-TM minigene encompassing
exon 7 to exon 9B (9BWT) and a minigene in which the �e
poly(A) site is mutated (9B��e) were constructed (Fig. 7A). It
was previously shown that the mutation of the �e poly(A)

hexanucleotide abolished the formation of �7 RNA (13). The
different minigenes were injected into the germinal vesicles of
oocytes with or without 150PY competitor RNA or 150pBS
control RNA as described above. The efficiency of exon 9A9�
splicing was analyzed by RT-PCR using primers that hybridize
in exon 8 and 9A (Fig. 7A). The splicing of exon 7 to exon 8
was also assayed to evaluate any general effect of xPTB titra-
tion upon splicing. In the presence of 150PY RNA, an �11-
fold increase in the ratio of spliced to unspliced transcripts was
observed for the �-TM wild-type construct (Fig. 7B, top, com-
pare lanes 1 and 2), while only a twofold increase in the

FIG. 6. xPTB represses the cleavage/polyadenylation of exon 9A9� independently of splicing. A. Schematic representation of the minigenes
injected into Xenopus oocytes. The dinucleotide AG of the 3� splice was mutated to GA to generate the 9A9��3�ss mutant. The RNase protection
probe used to discriminate the uncleaved and cleaved transcripts at the �e poly(A) site is represented with a broken line. B. RNase protection
analysis of RNA extracted from Xenopus oocytes microinjected with the 9A9�WT and 9A9��3ss constructions alone or with 150PY or 150pBS
competitor RNA using the 3� end RNase protection probe extending beyond the poly(A) site as represented in panel A (top) and a cDNA probe
covering exons 7 and 8 (bottom). A representative experiment out of four is shown. A partially digested nonspecific band that appears in all six
lanes is indicated with a star. A �-globin construct was included in the assay to test any general effect upon 3� end cleavage (top). VA transcripts
serve as a control for nucleus injection and loading of the RNA. Ratios of cleaved (Cl.) to uncleaved (Uncl.) or spliced (Spl.) to unspliced (Unspl.)
transcripts were calculated from PhosphorImager data corrected for the uridine content of the protected fragments and are shown below each gel.
C. RNA extracted from Xenopus oocytes microinjected with the 9A9�WT and 9A9��3ss constructions mutated for the four PTB binding sites
upstream of exon 9A9� was analyzed by RNase protection assay as described above (B). The four PTB UCUU motifs were mutated to CCCC as
described previously by Hamon et al. (13).
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efficiency of splicing was noticed with the 150pBS control
RNA. The effects are specific to exon 9A9� splicing, as the
efficiency of splicing of exon 7 to exon 8 was unaffected (Fig.
7B, bottom). The titration of xPTB also resulted in a fivefold
increase in the ratio of spliced to unspliced transcripts for the
cleavage/polyadenylation-inactive mutant 9B��e (Fig. 7B, top,
compare lanes 4 and 5), indicating that xPTB can repress the
splicing of exon 9A9� independently of the cleavage/polyade-
nylation reaction. In order to determine whether xPTB re-
presses splicing through the four high-affinity PTB binding
sites present within the intron upstream of exon 9A9�, we
compared the effect on splicing of their mutation on the wild-
type �-TM reporter and the mutant inactive for the cleavage/

polyadenylation reaction (Fig. 7C). Mutation of the four PTB
binding sites resulted in a �5-fold increase in the ratio of
spliced to unspliced transcripts with wild-type �-TM (Fig. 7C,
compare lanes 1 and 2) and the mutant inactive for exon 9A9�
cleavage/polyadenylation (compare lanes 1 and 3), indicating
that PTB represses the splicing of exon 9A9� in part by binding
to these sites. Together with the above-described results, these
data demonstrate that xPTB represses both the splicing and
the cleavage/polyadenylation of exon 9A9� and that the four
PTB binding sites lying between the branch site and the 3� AG
border are involved in the assembly of a repressor complex that
targets both processes.

FIG. 7. xPTB represses the splicing of exon 9A9� independently of polyadenylation. A. Schematic representation of the minigenes injected into
Xenopus oocytes. The hexanucleotide AATAAA of the �e poly(A) site was mutated to AAGCTT to produce the 9B��e mutant. The primers used
to amplify the spliced and nonspliced transcripts are represented by black and white arrows. SV40, simian virus 40. B. RT-PCR analysis of RNA
extracted from Xenopus oocytes microinjected with the 9BWT and 9B��e constructions alone or with 150PY or 150pBS competitor RNAs. A
representative experiment out of three is shown. Ratios of spliced (Spl.) to unspliced (Unspl.) products were calculated from PhosphorImager data
and are indicated below each gel. C. RNA extracted from Xenopus oocytes microinjected with the 9BWT and 9B��e constructions mutated for
the four PTB binding sites upstream of exon 9A9� (MutPTB) was analyzed by RT-PCR as described above (B). The four PTB UCUU motifs were
mutated to CCCC as described previously by Hamon et al. (13).
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xPTB is an essential protein in Xenopus development. The
xPTBMo-injected embryos showed a slight delay in develop-
ment, but they were especially characterized by a dorsal ab-
normal skin morphology which resulted, from the late tailbud
stage, in the development of blister-like structures back to the
head (Fig. 8A, bottom). Thereafter, the majority of the em-
bryos displayed a skin necrosis which was probably the cause of
embryo death at the late tadpole stage. Histological sections of
control and xPTBMo-injected embryos at stage 35 showed that
xPTBMo-injected embryos had a dramatic increase of the dor-
sal epidermis area compared to control embryos (Fig. 8B).
Higher-magnification observation revealed that a single lay-
ered epidermis was present within the blister-like structures
instead of the two layers, a superficial epithelial layer and a
deep sensorial one, normally observed. This suggests that the
blister-like phenotype results from a defect in cell movements
that leads to an intercalation of cells destined to form both
layers.

To confirm that the xPTBMo-induced phenotype was gen-
erated by a specific knockdown of xPTB, a rescue experi-
ment was performed with in vitro-transcribed xPTB mRNA
that has a third-base modification in the sequence spanning

the translation start site. To monitor the efficiency of the
rescue, the phenotype was graded according to the size and
number of blister-like structures (Table 1). The rescue is
efficient, with 56% of the embryos presenting a complete or

FIG. 8. The morpholino-mediated depletion of xPTB in developing embryos results in dorsal skin defects. A. Blister-like structures (white
arrowheads) were induced in stage 35 embryos by the injection of 50 ng of xPTBMo; two representative embryos are shown. No skin defects are
visible in uninjected embryos or CoMo-injected embryos. B. Transverse sections through uninjected or xPTBMo-injected stage 35 embryos (the
plane of section is indicated by a bar) stained with hematoxylin-eosin-saffron. The epidermis area of the dorsal fin appears dramatically enlarged
in xPTBMo-injected embryos. Higher magnification reveals a single-layered epidermis where blisters develop instead of two layers, a superficial
epithelial layer and a deep sensorial one, in control uninjected embryos. Black arrowheads and arrows point to the nuclei and yolk platelets,
respectively. no, notochord; nt, neural tube.

TABLE 1. Coinjection of sense xPTB RNA with xPTBMo results in
the rescue of the mutant phenotypesa

Embryo injection

% of embryos (no.) of phenotype:

Blistersb

Deformed
� �/� � ��

CoMo 83 (45) 0 (0) 0 (0) 0 (0) 17 (9)
xPTBMo 0 (0) 5 (2) 30 (13) 56 (24) 9 (4)
xPTBMo � sense

xPTB RNA
22 (18) 34 (28) 23 (19) 11 (9) 10 (8)

a Frequency of the phenotype obtained from embryos coinjected with sense xPTB
RNA and xPTBMo compared to xPTBMo- and CoMo-injected embryos. The num-
bers of scored embryos are indicated in parentheses. The embryos were observed at
stage 35, and mutant phenotypes were graded according to the size and number of
blister-like structures. Embryos presenting a general abnormal development (de-
formed) were also scored. Three independent experiments were carried out.

b �, no blister; �/�, one small blister; �, one large blister; ��, more than one
large blister.
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partial rescued phenotype (Table 1) as opposed to 5% in the
absence of injected xPTB mRNA. These results show that
the effects upon development are a direct consequence of
xPTB knockdown and that xPTB is an essential factor in
Xenopus development.

DISCUSSION

Our results highlight the importance of PTB as a regulator
of tissue-specific splicing. There have been many reports of the
splicing repressor activity of PTB leading to the proposal that
PTB was a global repressor of regulated exons (reviewed in
reference 41). Our data go beyond this proposal with the dem-
onstration, in a physiological context, that PTB, in addition to
repressing splicing, is a negative regulator of polyadenylation
and a key regulator of the 3� end processing of the �-TM
pre-mRNA.

PTB in the regulation of the 3� end processing of the �-TM
pre-mRNA. We have shown that the morpholino-mediated
knockdown of xPTB resulted in a switch from the nonmuscle
isoform (O5 RNA) to the somite-specific isoforms (�2 and �7
RNAs) in nonmuscle tissues. Conversely, targeted somitic
overexpression of xPTB led to the synthesis of nonmuscle
isoforms in the somites. These findings have important conse-
quences for the tissue-specific regulation of the 3� end process-
ing of the �-TM pre-mRNA. First, they demonstrate that
xPTB is the primary physiological determinant of exon 9A9�
repression in embryonic nonmuscle cells. Second, they show
that embryonic endodermal and epidermal cells possess all the
factors required to efficiently splice exon 9A9� when xPTB
repression is relieved, indicating that exon 9A9� processing per
se does not require tissue-specific regulatory splicing factors.
Because exon 9A9� is a 3�-terminal exon, its skipping in non-
muscle tissues could be the result of repression of splicing or
cleavage/polyadenylation, or both. Our results from minigenes
in which the 3� splice site or the poly(A) site of exon 9A9� has
been deleted clearly show that xPTB can regulate both pro-
cesses independently. We have previously identified an in-
tronic element that is involved in the repression of exon 9A9�
in nonmuscle cells (13). This element harbors four high-affinity
PTB binding sites, lying between the branch site and the 3� AG
border, that are essential for the repression of exon 9A9�. In
this study, we show that these PTB binding sites affect both
splicing and the cleavage/polyadenylation reactions. As we pre-
viously observed, the xPTB knockdown results in a stronger
increase of exon 9A9� splicing and cleavage/polyadenylation
than the mutation of the four high-affinity binding sites, sug-
gesting that the additional PTB binding sites which are present
upstream and downstream of exon 9A9� may be involved in
exon 9A9� repression. Interestingly, UCUU motifs are present
within the polypyrimidine tract associated with the �274
branch point and the uridine-rich element of the �e poly(A)
site. However, the functionality of these binding sites cannot be
determined by a mutational approach because their mutation
strongly decreases exon 9A9� usage in muscle cells. These data
led us to predict a model where the initial binding of xPTB to
regulatory sites serves as a nucleus for the synergistic multim-
erization of xPTB leading to the sequestration of exon 9A9� in
which the 3� splice site and the poly(A) site are inaccessible to
the splicing and polyadenylation machineries. It is improbable

that the tissue specificity of both the splicing and the polyad-
enylation of exon 9A9� is simply controlled by the level of
expression of xPTB. Rather, we favor a model in which these
processes are sensitive to the amount of xPTB relative to that
of other regulatory splicing factors. In support of this model,
we have observed that although exon 9A9� is repressed in both
skin and endoderm, only in skin is the expression of xPTB
higher (1.5-fold) than in somites (C. Le Sommer and S. Hardy,
unpublished data). Accordingly, we have identified an intronic
enhancer element that overlaps with the repressor sequence
containing the four high-affinity PTB binding sites (C. Le Som-
mer et al., unpublished data). This feature suggests that acti-
vation of exon 9A9� in somitic cells may rely on a mechanism
by which regulatory splicing factors displace xPTB. The antag-
onistic binding of these factors could relieve xPTB repression
and strengthen the recognition of the weak signals that define
exon 9A9�. In contrast with our �-TM model, PTB was also
reported to positively regulate the inclusion of the proximal
alternative 3�-terminal exon of the calcitonin/calcium gene-
related peptide by binding to a downstream intronic enhancer
and activating polyadenylation by an unknown mechanism
(25). While these results appear contradictory, they can be
reconciled if we consider the enhancer element as a pseudo-
exon whose recognition by splicing factors is antagonized by
PTB binding.

PTB in repressing polyadenylation. Recently, Castelo-
Branco et al. (5) reported that PTB can modulate the efficiency
of polyadenylation by competing with CstF64 for binding to the
downstream uridine-rich region of a poly(A) site. They pro-
posed a model in which PTB-mediated inhibition of 3� end
processing leads to a reduction in gene expression. According
to this model, weak poly(A) sites that lack a strong down-
stream uridine-rich region may be particularly sensitive to PTB
repression. However, their observation that a fourfold overex-
pression of PTB had similar effects in the accumulation of
mRNA produced from transfected minigenes with a weak or
strong poly(A) site raises the question of whether these effects
are physiologically relevant. In agreement with their data, we
noticed that transgenic embryos that presented the highest
increase in xPTB level (Fig. 5, embryos E4 and E5) displayed,
in addition to �-TM isoform switching, �40% and 60% reduc-
tion in the endogenous MLC1f/3f mRNA and �-TM mRNA
levels, respectively. This suggests that xPTB represses the ex-
pression of both genes by nonspecific competition with Cstf64
binding. This general effect upon gene expression is not
present with the xPTB-transgenic embryos that exhibit the
lowest increase in PTB (Fig. 5, embryos E6 and E7) while
switching toward the repression of exon 9A9� is still present.
Moreover, the strongest rise in O5 mRNA levels was observed
with these embryos, suggesting that the switch toward the non-
muscle splicing pattern is underestimated due to the nonspe-
cific repression of the polyadenylation of the nonmuscle exon
9D. These observations indicate that an increase in the somitic
xPTB level is sufficient to efficiently repress exon 9A9� process-
ing, although the switch toward the nonmuscle processing pat-
tern is diminished by a general repression of polyadenylation.

xPTB is an essential protein in Xenopus. Using a morpho-
lino-based translational inhibition of xPTB, we have shown
that xPTB is an essential protein in Xenopus. Its depletion
resulted first in a specific phenotype with epidermal blister-like
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structures and subsequently in lethality. This is in contrast with
the double-stranded RNA interference results obtained in
Caenorhabditis elegans, in which no obvious phenotype and a
complete viability of the worm were observed (23). In Drosoph-
ila, several mutations in the dmPTB locus are homozygous
lethal (10). A mutation in the dmPTB locus that causes male
sterility was also characterized. This mutation disrupts the ex-
pression of an abundant dmPTB transcript which is expressed
only in the male germ line and affects spermatid differentiation
(34). The skin blister-like phenotype we observed probably
results from a defect in epidermis morphogenesis, as histolog-
ical studies revealed that the typical organization of the epi-
derm with an epithelial layer and a sensorial layer was altered
to produce a monostratified epithelium. This suggests that an
intercalation of the cells of both layers occurred to give a single
layer with an increased area. The reason why xPTB knockdown
causes the epidermis to organize in a single layer is not clear.
We and others (see above for references) have shown that PTB
can control the processing of pre-mRNAs transcribed from a
number of genes. Therefore, the blister-like phenotype ob-
served could result from multiple partial changes in splicing or
instead in a dramatic change in the splicing pattern of a specific
transcript. This issue could be addressed by designing a mi-
croarray analysis to assess how alternative splicing events are
altered by the knockdown of xPTB.

Dual function for PTB? We have shown that a change in the
xPTB steady-state level is sufficient to switch the splicing pat-
tern of �-TM exon 9A9�. This result is in contrast with previous
reports in which overexpression or RNA interference-medi-
ated depletion of PTB (42) produced only partial effects on the
use of a particular splicing pattern. Accordingly, xPTB-de-
pleted embryos displayed only limited effects on the splicing
pattern of exon N1 of c-src and exon SM of �-actinin. While
these effects confirm the implication of PTB in the regulation
of these exons, they indicate that additional factors acting
through a PTB-independent pathway are involved in their re-
pression or alternatively that the relief of PTB repression is not
sufficient to cause an efficient splicing because tissue-specific
activator factors are required. In agreement with these obser-
vations, in vitro studies showed that hnRNPA1 can also repress
exon N1 splicing by a different mechanism than PTB (35).
Moreover, efficient splicing of exon N1 requires the assembly
of an activator complex that comprises the KSRP factor that is
expressed at a higher level in neuronal cells (26). From these
results, we suggest a classification of the alternative exons
regulated by PTB into two classes. In the first class, repre-
sented by exon N1 of c-src and exon SM of �-actinin, PTB is
part of a negative regulatory complex that comprises other
regulatory proteins. The presence of multiple partners may
increase the combinatorial controls of these exons and autho-
rize the inclusion of the alternative exon at different levels
depending on the cell type. In the second class, represented by
exon 9A9� of �-TM, PTB is the major actor in the tissue-
specific repression. The important effect of xPTB upon exon
9A9� processing could be due to the notable property that exon
9A9� is a 3�-proximal terminal exon whose poly(A) site usage
is regulated by PTB. Cleavage at this proximal poly(A) site
following PTB derepression excludes any competition with the
distal 3�-terminal exon and leads, therefore, to a strong inclu-
sion of exon 9A9�. In addition, the use of exon 9A9� in non-

muscle and muscle tissues responds to a binary on/off switch,
and there is no need to control the level of its inclusion.
According to this classification and in view of the importance
of xPTB in repressing the processing of the 3�-terminal exon
9A9�, we suggest that PTB could be a major factor in prevent-
ing the definition of regulated proximal 3�-terminal exons.
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